The similarities between essential molecular mechanisms in Archaea and Eukarya make it possible to discover, using comparative genomics, new fundamental mechanisms conserved between these two domains. We are studying a complex of two proteins conserved in Archaea and Eukarya whose precise biological role and biochemical function remain unknown. One of them is a universal protein known as Kae1 (kinase-asociated endopeptidase 1). The second protein is a serine/threonine kinase corresponding to the proteins Bud32 in Saccharomyces cerevisiae and PRPK (p53-related protein kinase) in humans. The genes encoding the archaeal orthologues of Kae1 and PRPK are either contiguous or even fused in many archaeal genomes. In S. cerevisiae, Kae1 and Bud32 (PRPK) belong to a chromatin-associated complex [KEOPS (kinase, endopeptidase and other proteins of small size)/EKC (endopeptidase-like kinase chromatinassociated)] that is essential for telomere elongation and transcription of essential genes. Although Kae1 is annotated as O-sialoglycoprotein endopeptidase in most genomes, we found that the Kae1 protein from Pyrococcus abyssi has no protease activity, but is an atypical DNA-binding protein with an AP (apurinic) lyase activity. The structure of the fusion protein from Methanocaldococcus jannaschii revealed that Kae1 maintains the ATP-binding site of Kae1 in an inactive configuration. We have in fact found that Kae1 inhibits the kinase activity of Bud32 (PRPK) in vitro. Understanding the precise biochemical function and biological role of these two proteins (which are probably essential for genome maintenance) remains a major challenge.
Introduction
Until now, most studies on Archaea have focused on systems already known and well described in Eukarya or Bacteria (for reviews, see recent monographs edited by Garrett and Klenk [1] and Cavicchioli [2] ). From these initial studies, Archaea have turned out to be a goldmine for molecular biologists. In particular, Archaea, being very similar to eukaryotes in term of fundamental molecular mechanisms, have been especially useful as simplified models for eukaryotic molecular biology. Hence, the discovery of topoisomerase IIB led to the identification of the protein that triggers meiotic recombination in Eukarya [3] . More recently, previous knowledge on the crenarchaeal SSB (single-stranded DNA-binding protein) led to the discovery of a second type of SSB in humans [4] . The accumulation of genomic data now makes it possible to follow a more challenging strategy, i.e. to use genome data mining to detect molecular systems shared by Archaea and Eukarya which are either poorly characterized or as yet unknown. During the analysis of the genome of the archaeon Pyrococcus abyssi [5] , we noticed the presence of many genes that have only archaeal and eukaryotic homologues and whose functions were uncharacterized. We established a list of such proteins, that we called PACEs (proteins of Archaea conserved in Eukarya) [6] . This new line of research led us to characterize a PACE whose biological function remained unknown: a kinase known as PRPK (p53-related protein kinase) in humans and Bud32 in yeast. In the course of our study, we found that, in some archaea, this PACE is fused to a protein known as Kae1 (kinase-associated endopeptidase 1) in yeast. Whereas this kinase is present only in Archaea and Eukarya, the Kae1 protein is universal. Biochemical analysis of these two proteins led us to conclude that they are involved in a still unknown mechanism required for the maintenance of genome integrity.
Detection and analysis of putative serine/threonine kinases in P. abyssi Because of our long interest in archaeal DNA replication [7, 8] , we were a priori interested in protein kinases from Archaea at the beginning of this project. Many eukaryotic DNA replication [9] and/or repair [10] proteins are regulated by cycles of phosphorylation-dephosphorylation, and we wondered whether one or several archaeal kinases could be involved in similar regulatory pathways. First, we noticed the presence of two putative serine/threonine kinases in our list of PACEs (PAB0405 and PAB1013). Then, a systematic screening of the P. abyssi genome for the presence of genes harbouring typical kinase signatures (subdomains I-VIII) [11] permitted us to identify a third putative candidate, PAB1047. These three proteins (presenting all motifs typical of serine/threonine protein kinases) exhibit good similarities with the so-called RIO kinases [12] ( Figure 1A ). The three P. abyssi putative kinase genes were cloned and expressed in Escherichia coli. The recombinant purified proteins were tested on MBP (myelin basic protein) [13, 14] , a useful substrate for in vitro kinase assays. As shown in Figures 1(B) and 1(C), all of them exhibit autophosphorylation and kinase activities on MBP (strongly stimulated by Mn 2+ in the case of PAB1013 and PAB1047). The relationships between those archaeal kinases and their eukaryotic homologues showed that PAB1047 belongs to a subfamily that includes the Bud32 protein in Saccharomyces cerevisiae [15, 16] and PRPK (p53-related protein kinase) in humans [17] (Figure 2 ). Both Bud32 and PRPK phosphorylate anti-oncogen p53, and PRPK partially complements Bud32 deficiency in yeast [18] . Since p53 is an extremely important protein in vertebrates that is essential for maintenance of genome integrity, it was interesting to know whether the archaeal orthologue of PRPK could also be involved in some function related to genome stability.
Kae1: a universal protein associated with Bud32/PRPK
By analysing the genomic context of the genes encoding Bud32/PRPK, we realized that the gene encoding PAB1047 is often fused in archaeal genomes with another gene whose homologue in the bacterium Pasteurella haemolytica was supposed to code for an OSGEP (O-sialoglycoprotein endopeptidase) [19, 20] . This latter gene corresponds to the PAB1159 protein in P. abyssi and has been called Kae1 in S. cerevisiae. Functional interaction between Kae1 and the kinase Bud32 (the orthologue of PAB1047 in S. cerevisiae) was demonstrated previously by two-hybrid analyses [21] . The fusion of the gene encoding these two proteins in several archaeal genomes suggested that their functional and structural interactions are probably conserved in Archaea and Eukaryota, making the study of this protein couple in Archaea a fascinating objective (Figure 2) .
Interestingly, Kae1 homologues are present not only in Archaea and Eukarya, but also in Bacteria. Strikingly, Kae1 homologues are, in fact, present in all genomes which have been sequenced to date [22, 23] , with the single exception of the highly reduced genome of the endosymbiotic bacteria Carsonella rudii and Sulcia muelleri. Kae1 thus belongs to the limited set of approx. 60 universal proteins that were probably already present in the LUCA (last universal cellular ancestor) of all extant life. As a matter of fact, Galperin and Koonin [22] put Kae1 as number one in their top ten list of the most important proteins to be studied, because it is the only universal protein whose biological function remains unknown.
The archaeal Kae1 protein is the prototype of a novel class of DNA-binding proteins with atypical AP (apurinic) endonuclease activity
We first expressed and purified a recombinant Kae1 (thereafter called Pa-Kae1) from the archaeon P. abyssi in E. coli. Strikingly, Pa-Kae1 protein samples have a pink colour, exhibiting a broad UV-visible absorbance band centred at 500 nm reminiscent of that found in PAPs (purple acid phosphatases) [24] . The characteristic purple colour of this subclass of phosphatases results from a charge-transfer transition from a tyrosine residue to a Fe(III) ion [24, 25] , indicating that PaKae1 is a metalloprotein. We obtained the three-dimensional crystal structure of Pa-Kae1 which has shown that this protein belongs to the ASKHA [acetate and sugar kinases/Hsc70 (heat-shock cognate 70)/actin] superfamily of phosphotransferases [23] . The structure of Pa-Kae1 in complex with p[NH]ppA (adenosine 5 -[β,γ -imido]triphosphate) revealed an unusual linkage between the iron and the γ -phosphate of the nucleotide. This mode of interaction between ATP and iron was never previously observed in other proteins. The amino acids involved in this interaction (His 107 , His 117 , Tyr 127 and Asp 285 ) are strictly conserved in all eukaryotic Kae1 sequences and nearly all archaeal ones, indicating that this novel type of iron/ATP-binding site is common to all Kae1 proteins. Mutation of these two histidine residues in the yeast protein is lethal [26] . On the other hand, mutation of Tyr 127 removes the iron atom from the Pa-Kae1 protein in vitro [23] .
Despite the presence of an ATP-binding site and some characteristic features shared by Kae1 and PAPs, Pa-Kae1 only exhibits an autophosphorylation activity on serine, threonine and tyrosine residues. We failed to detect in vitro any phosphatase or kinase activities, but we found a very low ATPase activity corresponding to an autophosphorylation of the protein. In particular, we did not detect the expected OSGEP activity, leading us to conclude a misannotation of this gene and other homologues. The protease activity previously detected in Pasteurella haemolytica was indeed never confirmed in other organisms. It was even suggested by the authors of the first annotation that the identification of this protein as OSGEP might have been misleading [27] .
In the absence of biochemical results, we turned to genome context analysis, hoping to obtain clues about Kae1 activity. We noticed that the kae1 gene is frequently located close to genes encoding proteins involved in nucleotide metabolism and DNA repair in archaeal genomes. We thus tested whether Pa-Kae1 could interact with DNA. Our first observation was that Kae1 greatly disturbed the electrophoretic migration of a plasmid on an agarose gel ( Figure 3A ) and that this disturbed migration was abolished after protease treatment to remove Kae1. It was the first time that we observed such a dramatic effect with any one of the DNA-binding proteins studied in our laboratory. Using this simple assay, we found that Kae1 binds both single-and double-stranded DNA. We then tested the effect of ATP on DNA binding since Kae1 is an ATP-binding protein. To our surprise, DNA binding was completely inhibited at high ATP concentrations. The DNA-binding properties of Kae1 were surprising, since there is no positively charged region at the surface of the Kae1 structure that could be obvious site of binding. However, we could confirm DNA binding by gel-shift assays using short oligonucleotides as substrates and by electron microscopy analyses [23] . Analysis of Kae1-DNA complexes by electron microscopy showed that Kae1 forms a well-ordered filament that rigidifies DNA. Kae1 can completely cover and rigidify a single-stranded DNA ring such as a single-stranded X174 plasmid ( Figure 3B ). Unlike the situation with RecA, the formation of Kae1 filament is ATP-independent (instead, the filament is destabilized by ATP) and the length of the DNA does not change upon Kae1 binding [23] .
In vertebrates, the genes encoding OSGEP (the mammalian orthologues of Kae1, see Figure 2 ) are often located just besides the gene encoding the major mammalian apurinic endonuclease APE1 (AP endonuclease 1) (also known as APEX, Hap-1 or Ref-1). In humans and mice, both genes are transcribed in opposite direction from the same promoter ( Figure 3C ) [28, 29] . This observation prompted us to test the effect of Pa-Kae1 on depurinated DNA. We found that Pa-Kae1 binds depurinated DNA. Moreover, after protease treatment, the DNA was cleaved, indicating that Pa-Kae1 harbours AP endonuclease activity ( Figure 3D ). Further analyses showed that Pa-Kae1 is a class I AP endonuclease (or AP lyase), cleaving DNA 3 to the AP site [23] . Pa-Kae1 is the first ASKHA protein with DNA-binding and AP endonuclease activities. This finding led us to suggest reserving the term Kae1 for kinase-associated endonuclease 1 instead of kinase-associated endopeptidase 1.
Although the mechanistic characteristic showed that Kae1 is a class I endonuclease (AP-lyase), Kae1 protein does not seem to be related to the two families of AP endonucleases described previously: the class I family (AP-lyases) with the example of Endo III (endonuclease III) in E. coli and the class II family (true AP-endonucleases) whose prototypes are Exo III (exonuclease III) in E. coli and APE1 in humans, and Endo IV in E. coli and Apn1 in S. cerevisiae. These proteins are structurally all different and exhibit different catalytic properties. The AP endonuclease activities of APE1 and Exo III are catalytic and are not affected by ATP, whereas Kae1 only cleaves depurinated DNA at a high protein/DNA ratio, when the protein completely covers the DNA molecule. It is unlikely that Kae1 acts as a bona fide AP endonuclease in the cell, considering the presence of powerful AP endonuclease activities available in all cell types. However, we think that the AP endonuclease activity of Kae1 reflects the fact that this protein can recognize DNA damage. Interestingly, the genes encoding Kae1 and PRPK (either fused or adjacent in most archaeal genomes) are often located in archaeal genomes adjacent to the gene encoding the archaeal Ham1 protein, a universal protein whose function is to hydrolyse abnormal nucleotides in vitro and in vivo. This strongly suggests that Kae1 and PRPK could be involved in some housekeeping functions.
The Kae1 protein inhibits the kinase activity of Bud32 (PRPK)
In order to analyse the interactions between Kae1 and Bud32 (PRPK) (Figure 2) , we have recently solved the crystal structure of the MJ1130 fusion protein (Mj-Kae1/Bud32) from the archaeon Methanocaldococcus jannaschii [30] ( Figure 4A ). The structure of the Mj-Kae1 moiety is identical with that of Pa-Kae1, whereas the structure of the Mj-Bud32 moiety is the smallest protein kinase for which the structure has been solved to date. The Mj-Bud32 kinase (a shortened version of classical RIO kinases) is attached to the opposite side of the ATP-binding groove of Mj-Kae1. Interestingly, although the fusion protein was incubated with a 10-fold molar excess of p[NH]ppA, no nucleotide could be observed in the binding pocket of the kinase moiety, whereas a nucleotide was clearly bound to the active site of the Mj-Kae1 moiety. Careful analysis of the structure suggested that the P-loop of the kinase active site of Mj-Bud32 is in an inactive conformation owing to its association with Mj-Kae1. The fusion protein indeed exhibits no detectable kinase activity, but only the low autophosphorylation activity typical of Pa-Kae1.
To analyse further the interaction between Kae1 and Bud32, we have independently expressed the two domains of the MJ1130 protein in E. coli. We observed that both domains exhibit an autophosphorylation activity ( Figure 4B) . Addition of the Mj-Kae1 moiety to Mj-Bud32 inhibits this autophosphorylation activity. Similarly, we have shown that the yeast Kae1 protein also inactivates the kinase activity of the yeast Bud32 in vitro [30] . The fact that overexpression of Bud32p in yeast is toxic for the cell [30] strengthens the idea that the kinase activity of Bud32/PRPK should be repressed. However, the physical linkage of Kae1 and Bud32/PRPK in several archaeal genomes raises the question of the role of the kinase activity in vivo. Indeed, this activity is a priori continuously repressed in these organisms, suggesting that the kinase activity is not part of the normal biological role of Bud32/PRPK or that some unknown regulatory factor(s) (including interactions with DNA and/or abnormal bases) could activate the kinase activity in vivo.
In Eukarya, the Kae1 and Bud32 proteins have recently been identified as member of a larger complex called KEOPS (for kinase, endopeptidase and other proteins of small size) or EKC (endopeptidase-like kinase chromatin-associated). These complexes are involved in telomere maintenance [31] and/or in the transcription of essential genes [26] . Other members of the KEOPS/EKC complexes, Pcc1, Pcc2 and Cgi121 in S. cerevisiae, are obvious candidates to regulate the activity of Kae1 and Bud32. We have recently detected homologues of Pcc1 and Cgi121 in archaea (P. Forterre, A. Hecker and C. Brochier-Armanet, unpublished work), suggesting that the KEOPS/EKC complex could have an ancient origin.
Conclusion
Further biochemical and biological characterizations of Kae1, Bud32 (PRPK) and other partners of the KEOPS/EKC complex should allow us to generate ideas on the role of these systems in ancient organisms (especially to determine their connection to the nature of ancestral genomes, either RNA or DNA). These studies are also essential for our understanding of the crucial role(s) of these strongly conserved systems in modern organisms. In particular, understanding the biological role of the universal Kae1 protein remains a major challenge. The importance of this protein has been completely ignored until now. The universal distribution of Kae1, its DNA-binding properties and its probable conserved role in genome maintenance are all reminiscent of the RecA proteins and its archaeal and eukaryotic homologues (RadA and Rad51 respectively). Amazingly, there are, at present, only about ten published papers on Medline which mention the Kae1 (OSGEP, YgjD) proteins, whereas more than 6000 references can be retrieved using RecA and Rad51 as key words. There is also a striking discrepancy between the huge number of laboratories working on p53 (46938 publications in Medline) and the very low number of publications on PRPK and Bud32 (fewer than 12). Once more, the study of Archaea, together with comparative genomic analyses, has been critical in revealing a fundamental biological mechanism that had previously escaped the attention of biologists.
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